In this study, we focus on the bosonic decays of light charged Higgs boson (i.e., with M H ± < mt) in the 2-Higgs Doublet Model (2HDM) Type-I. To study the signal of such a charged Higgs state at the Large Hadron Collider (LHC), in a scenario where the H 0 boson is the Standard Model (SM)-like one already discovered, we assume that it decays mainly via h 0 W ± * and/or H ± → A 0 W ± * (i.e., via an off-shell W ± boson), which can reach a sizable Branching Ratio (BR) for tan β ≥ 4, when the exclusion bounds from H ± → τ ν and cs searches get weaker. By using six Benchmark Points (BPs), which are consistent with current LHC constraints, we perform a Monte Carlo (MC) study and examine the sensitivity of the LHC to light charged Higgs boson decaying via the above bosonic modes and produced in top decay following both single top and top pair production processes. Our findings demonstrate that, when the integrated luminosity can reach 100 fb −1 , the LHC has the potential to either discover or rule out most of these BPs via either of these two production and decay channels or both. *
I. INTRODUCTION
Following the discovery of a 125 GeV Higgs boson in the first run of the LHC [1, 2] , several studies of its properties have now been undertaken. These cover the measurement of its mass, width, spin, CP properties as well as couplings. The current situation is that the measured Higgs signal rates in all available channels agree with the SM predictions at the ∼ 2σ level [3] . However, the possibility that the observed Higgs boson state (hereafter, referred to as H obs ) could belong to a model with an extended Higgs sector, such as the SM with an extra singlet, doublet and/or triplet, has not been ruled out. Amongst such higher Higgs representations, those with an extra doublet or triplet also contain one or more charged Higgs bosons in their (pseudo)scalar spectrum. The discovery of such charged Higgs bosons would then be an eminent signal of a multiplet Higgs sector and thus clear evidence of physics Beyond the SM (BSM). However, Nature has so far indicated that the Higgs mechanism relies upon a doublet structure, so we focus here on a BSM scenario that only employs this particular multiplet.
One of the simplest extensions of the SM within this kind is the 2HDM, which contains two Higgs doublets, Φ 1 and Φ 2 , used to give mass to all fermions. The particle spectrum of the 2HDM is as follows: two CP-even (h 0 and H 0 , with M h 0 < M H 0 ), one CP-odd (A 0 ) and a pair of charged (H ± ) Higgs bosons. At hadron colliders, a charged Higgs boson can be produced through several channels. Light charged Higgs states, i.e, with M ± H 0 ≤ m t − m b , are copiously induced by tt production followed by the top decay t → bH + (or the equivalent antitop mode). When kinematically allowed, pp → tt → bbH − W + + c.c. provides the most important source of light charged Higgs bosons, above and beyond the yield of various direct production modes: gb → tH + (or gg → tbH + ) [4] , gg → W ± H ∓ and bb → W ± H ∓ [5] ,→ φH ± where φ denotes one of the three neutral Higgs bosons [6] , gg → H + H − and→ H + H − [7] , qb → q H + b [8] and cs, cb → H + [9] . (See also Refs. [10, 11] for a review of all available H ± hadro-production modes in a 2HDM.)
Assuming a light charged Higgs boson, i.e., such that M H ± < m t − m b , the ATLAS and CMS experiments have already drawn an exclusion on BR(t → H + b) × BR(H ± → τ ν) based on the search for the corresponding decay chain [12, 13] . Other channels, such as H + → cs, have also been searched for by ATLAS and CMS [14, 15] . Assuming that BR(H + → cs) = 100%, one can set a limit on BR(t → H + b) to be in the range 5% to 1% for a charged Higgs boson mass between 90 and 150 GeV. We recall here that charged Higgs bosons have been also searched for at LEP-II using charged Higgs boson pair production followed by either H ± → τ ν, H ± → cs or H ± → W ± A [15] . If the charged Higgs boson decays dominantly to τ ν or cs, the LEP-II lower bound on the mass is of the order of 80 GeV while in the case where charged Higgs decay is dominated by W ± A, via a light CP-odd Higgs state (M A 0 ∼ 12 GeV), the lower bound on the charged Higgs mass is about 72 GeV [15] .
The aim of this paper is to show that the bosonic decays of a light (i.e., with 72 GeV < M H ± < m t ) charged Higgs boson, specifically, H ± → W ± * h and/or H ± → W ± * A, in a scenario where H 0 is the discovered SM-like Higgs state (i.e., H = H obs ), could be substantial and may compete with the aforementioned fermionic modes over specific regions of the 2HDM Type-I parameter space. Our study builds upon the results of Ref. [16] , yet we surpass this paper in several directions. Firstly, we allow for t → bH + decays in the presence of both single and double top-quark production (whereas Ref. [16] only considered the latter). Secondly, unlike that reference, which only performed an inclusive analysis, we proceed here to a full MC simulation in presence of Parton shower, Hadronisation, heavy flavor decays, and detector effects. Thirdly, we allow here for A 0 decays into τ + τ − pairs wherein the latter can in turn decay fully hadronically, fully leptonically and semi-leptonically (or semi-hadronically), whereas Ref. [16] made no assumption on the A 0 decay patterns.
The layout of the paper is as follows. In the next section, we describe the 2HDM realization we are interested in (i.e., a Type-I) whereas in the following one we outline the theoretical and experimental constraints acting upon it. Then we define the BPs to be used for the MC analysis, which is then described in detail. Following the discussion of the results, we will finally conclude.
II. THE 2HDM TYPE-I
The 2HDM consists of two complex SU(2) L (where L indicates the isospin) (pseudo)scalar Higgs doublets Φ 1,2 with the same hypercharge Y 1,2 = +1/2 that give masses to SM gauge bosons as well as fermions. Explicitly, Φ 1 and Φ 2 are defined as
The 2HDM Lagrangian involving the two Higgs doublets Φ 1 and Φ 2 can be written as:
The first term is the kinetic one for the (pseudo)scalar fields that generate the gauge boson masses as well as the Higgs boson interactions with the gauge bosons themselves. The second term is the scalar potential and the third one is the Yukawa Lagrangian. The covariant derivative is given by
where W a µ and B µ are respectively the SU (2) L and U (1) Y gauge fields, with g and g the associated gauge coupling constants.
The most general scalar potential, of dimension-4, that is SU (2) L × U (1) Y invariant, CP-conserving and which possess a Z 2 symmetry (Φ 1 → −Φ 1 or Φ 2 → −Φ 2 ) which is introduced to avoid Flavour Changing Neutral Currents (FCNCs) yet it is softly broken (by a dimension-2 term, the one ∝ m 2 12 below) to enable a non-trivial dynamics, is given by:
where all parameters are real valued. After spontaneous Electro-Weak Symmetry Breaking (EWSB) of SU (2) L ×U (1) Y down to U (1) EM (where L indicates the Electro-Magnetic (EM) group), each doublet obtains a Vacuum Expectation Value (VEV) v i (i = 1, 2), such that they can be fixed from the EW scale through the relation v = v 2 1 + v 2 2 = 246 GeV. Furthermore, upon EWSB, three Goldstone bosons (G ± and G) are absorbed as the longitudinal component of the gauge bosons (W ± and Z, respectively), so that the latter gain their mass. The remaining five degrees of freedom (out of the initian eight pertaining to the two complex doublets) become the physical Higgs bosons, namely, the aforementioned h, H, A and H ± .
From the two minimisation conditions of the 2HDM, one can eliminate m 2 11 and m 2 22 in favour of other (pseudo)scalar inputs, so that we are then left with the following seven free independent real parameters
Instead of the eight parameters of equation (4), a more convenient choice would be:
where α is the mixing angle that rotate the non-physical states φ 0 1 and φ 0 2 to the physical ones h 0 and H 0 . For the Yukawa Lagrangian, if we proceed like in the SM and ask that both Higgs doublets couple to all SM fermions, we end up with neutral Higgs couplings to fermions that are flavor violating, i.e., the aforementioned FCNCs. The existence of such interactions would induce large contribution to low energy observables such as B, D, and K meson oscillations and others which could contradict precise experimental measurements. To evade this problem, one can advocate so-called Natural Flavour Conservation by imposing the aforementioned discrete symmetry, Z 2 [17] , which forbids them. As intimated, to achieve a 2HDM dynamics at once compliant with EWSB and FCNC limits yet offering a (pseudo)scalar mass spectrum which is experimentally interesting, we allow for a soft Z 2 breaking (i.e., a small m 2 12 term).
There exist several ways of coupling the two Higgs doublets to the SM fermions. In the 2HDM Type-I, Φ 2 couple to all fermions just like in the SM while the other Φ 1 does not 1 . The discrete symmetry behind this assignment is Φ 1 → −Φ 1 . The Yukawa Lagrangian of the Type-I model is
where Q L and L L are the left-handed quark and lepton doublets, d R , u R and e R are the right-handed up-type quark, down-type quark and lepton singlets, respectively, Y u , Y d and Y e are the corresponding Yukawa coupling matrices andΦ 2 = iσ 2 Φ * 2 (where σ 2 is the second Pauli matrix). After expressing the weak eigenstates of Φ 2 in terms of the physical ones, the Yukawa Lagrangian in Eq. (6) becomes:
where κ S i are the Yukawa couplings in the 2HDM. The values of those couplings in the 2HDM Type-I are given in Tab. (I), From the kinetic terms of the Higgs doublets, one can derive the interactions between the gauge bosons and a pair of Higgs (pseudo)scalars, such as H ± h 0 W ± , H ± A 0 W ± and H ± H 0 W ± . The corresponding couplings are determined by the gauge coupling structure as well as the angles α and β [19] . They are given by the following relations:
with p µ being the incoming momentum for the corresponding particle.
If the charged Higgs boson is light, the top quark can decay into either W ± b or H ± b. The first decay is controlled by a SM gauge coupling while the second decay depends upon β and it can be enhanced for small tan β. Conventionally, a light charged Higgs boson is assumed to decay into either τ ν or cs, with the corresponding couplings given in Tab. I. However, if there is an additional light neutral Higgs boson h 0 or A 0 , the additional decay channels into A 0 W ±( * ) and h 0 W ±( * ) would open up, wherein the W ± boson can be on-or off-shell depending on the mass differences M H ± − M A 0 and M H ± − M h 0 , respectively. The H ± → h 0 W ±( * ) channel for a light charged Higgs bosn is open only if we demand that H 0 is the observed 125 GeV SM-like Higgs state (which we do here). In this case, | cos(β − α)| ∼ 1 is preferred by experiments and thus the H ± h 0 W ± couplings is large. The H ± A 0 W ± couplings is independent of sin(β − α) and thus always large. Finally, the H ± → H 0 W ±( * ) decay channel is greatly suppressed since it is proportional to | sin(β − α)| 2 and the mass difference involved (M H ± − M H 0 ) could be very small since M H ± < m t and M H 0 = 125 GeV.
To study our 2HDM Type-I, we perform a systematic numerical scan over its parameter space as illustrated in Tab. II. During the scan, each sampled point is subjected to a set of theoretical and experimental constraints which are described in the following section.
Parameters
Ranges 
III. THEORETICAL AND EXPERIMENTAL CONSTRAINTS
The 2HDM parameters (5) are constrained by a number of theoretical considerations such as vacuum stability [20] , perturbativity, perturbative unitarity [21] and experimental limits from LEP, Tevatron, LHC as well as B physics experiments. We list here the constraints that we have used.
From the theoretical side, we have the following.
• A necessary condition for the stability of the vacuum comes from requiring that the scalar potential remain bounded from below when the (pseudo)scalar fields become large. This should be fulfilled in any arbitrary direction in the field space. In the limit of large field values, the scalar potential is dominated by quartic couplings and one can show that the tree-level vacuum stability constraints are [20] 
• We require that all λ i remain perturbative and satisfy |λ i | ≤ 8π .
• Perturbative unitarity constraints [21] are those obtained by requesting that the S-wave component of the various (pseudo)scalar-(pseudo)scalar, (pseudo)scalar-gauge boson and gauge-gauge bosons scatterings remains unitary at high energy. Such a condition implies a set of constraints that have to be fulfilled and are given in [21] .
• We also check the consistency at 95% Confidence Level (CL) with the experimental measurements of the oblique parameters S, T and U . We compare those to the fit values of [22] , i.e., S = 0.05 ± 0.11, T = 0.09 ± 0.13 and U = 0.01 ± 0.11.
Note that unitarity, perturbativity, vacuum stability as well as S, T and U constraints are enforced through the 2HDMC public code [23] . From the experimental side, we considered the following.
• B-physics observables are implemented with the code SuperIso v4.0 [24] . Specifically, we have used the following measurements: [25, 28] .
For all such observables we allow a 2σ tolerance from the above measurements.
• Consistency with the Z width measurement from LEP, Γ Z = 2.4952 ± 0.0023 GeV [29] . Specifically, the partial width Γ(Z → h 0 A 0 ) was required to fall within the 2σ experimental uncertainty of the measurement (≤ 4.6 MeV).
• Consistency of the mass and signal rates of H 0 with the LHC data on H obs . We require that the relevant quantities, calculated with HiggsSignals-v2.2.0beta [30] , satisfy these measurement at 95% CL, assuming Gaussian uncertainties.
• Consistency of all Higgs states with the direct search constraints from LEP, Tevatron and LHC at the 95% CL, which are tested using the updated version of HiggsBounds-5.3.2beta [31] .
IV. SIGNATURES
In this section, we present the results of the aforementioned scans, for the purpose of selecting BPs amenable to MC analysis.
We first illustrate the BRs of h 0 , A 0 , H ± and t into different final states. We start with Fig. 1 . In the top two frames, we present BR(h 0 /A 0 → τ + τ − ) (left) and BR(h 0 /A 0 → bb) (right). It is clear that the BR(h 0 /A 0 → τ + τ − ) could reach at best 8% while BR(h 0 /A 0 → bb) can reach up to 80%. However, the former final state is much cleaner than the latter one in the LHC environment. In this connectoin, upon recalling that the full decay chain
is subject to interference effects with H ± → bt * → bbW ±( * ) and significant background from tt production and decay [32] [33] [34] , we are induced to elect as tentative signal in our analysis the case of τ final states. Furthermore, in the bottom-left frame of Fig.1 , we demonstrate that the bosonic decays of the charged Higgs boson, BR(H ± → h 0 /A 0 W ±( * ) ), could become the dominant ones, even reaching 100% in some cases (see also [16] ). Finally, in the bottom-right frame of Fig. 1 , we present BR(t → bH + ), illustrating the fact that this decay channel of the top (anti)quark is not excessively suppressed with respect to the SM one t → bW + . We therefore recommend the t → bH ± → bh 0 /A 0 W ±( * ) → bτ + τ − W ±( * ) decay chain as the one to be pursued experimentally, assuming either single or double top (anti)top hadro-production. 
. BRs are given as a function of the relevant Higgs masses.
A further advantage of the τ + τ − decay is that its rate is very independent of the h 0 and A 0 masses, thus enabling the implementation of a model-independent selection, unlike any other decay 2 , as seen in Fig. 2 . This implies that there is no loss of sensitivity through the τ + τ − mode in an experimental search, no matter the actual value oh m h 0 or m A 0 . However, other h 0 and/or A 0 decay modes may well be useful. In fact, one can see from Fig. 2 (left) that h 0 could become fermiophobic in some cases making BR(h 0 → γγ) [35, 36] or BR(h 0 → ZA 0 ) the dominant decay mode. Further, from Fig. 2 (right) , it is clear that the suppression of A 0 → bb for large tan β allows for a substantial enhancement of A 0 → Zh 0 and/or A 0 → W ±( * ) H ∓ . However, the distributions of these alternative decay rates are rather patchy over the parameter space, so that a model-dependent search would be required to maximize the experimental sensitivity, so we do not consider these in our MC analysis. 20 40 60 80 100 120 20 40 60 80 100 120
FIG. 2: BRs of h 0 (left) and A 0 (right) as a function of its mass. 2 With the exception of the cc one, but this mode has a lower BR and a much larger background in the QCD polluted environment of the LHC, hence of little use here.
To quantify the size of the light charged Higgs cross-section from the single and double top (anti)quark production followed by the discussed decay chains, we evaluate the quantities X tj (h i , ff ) and X tt (h i , ff ), respectively, which are defined as follows:
(Notice that the subprocesses contributing to tj production are bq → tq and→ tb while those entering tt production are qq, gg → tt.) In Figs. 3 and 4 , we give the numerical results from our scan for both X tj (h i , ff ) and X tt (h i , ff ), respectively, for h 0 and A 0 decaying into τ + τ − (left frames) or bb (right frames).i.e., f f = τ + τ − and f f = bb in turn. While the bottom decay rates are dominant over the tau ones, it is clear that the production of charged Higgs bosons from the sum of single and double (anti)top quark followed by either of our bosonic decay modes could reach more than few pb in the τ + τ − channel. While this value is handsomely large at the inclusive level, it should be recalled that the W ±( * ) boson emerging from the H ± → h 0 /A 0 W ±( * ) decay would be searched for in its leptonic transitions, i.e., W ±( * ) → l ± ν, which are of oder 20% only, so this calls for using all possible decay patterns of the τ + τ − pair, i.e., fully hadronic, fully leptonic and semi-leptonic (or semi-hadronic), in order to maximise experimental sensitivity. These three signatures are therefore what we will pursue in our MC study. 
A. BPs
In order to perform our MC simulation, out of our scan, we select six BPs. Detailed information about the latter, including mass spectra and decay BRs, is presented in Tab. III. There are several salient features of these BPs that is worth dwelling upon.
• Both the extra neutral Higgs bosons, A 0 and h 0 , are lighter than the discovered Higgs boson, H 0 .
• The charged Higgs boson has a mass smaller than the t mass, but the sum of its mass with the mass of an extra neutral Higgs boson (either A 0 or h 0 ) is larger than the top quark mass, except for BP6.
• The rates for BR(t → bH ± ) × BR(H ± → τ ± ν τ ) are less than 12 × 10 −4 , i.e., comfortably below the current LHC bound.
• The BR(H ± → A 0 W ±( * ) ) for the first three BPs is equal to 89.9%, 83.5% and 87.7%, respectively. while the BR(H ± → h 0 W ±( * ) ) for the second three BPs is equal to 93.6%, 92.8% and 83.2%, respectively. Thus, they are very close to their best possible values (recall Fig. 1 ), in turn implying that these are amongst the 2HDM Type-I parameter points most accessible to a future LHC analysis.
We will now proceed to a MC version of the latter.
V. COLLIDER ANALYSIS
In this part, we perform a detector level MC simulation to establish the LHC sensitivity to the BPs given in Tab. III. Due to the kinematics of these BPs, we will focus on the discovery of charged Higgs boson via the decay H ± → h 0 l ± ν, l = (e, µ) or H ± → A 0 l ± ν, via an off-shell W ± boson. To obtain a meaningful significance in our analysis, we assume the integrated luminosity of 100 f b −1 and the collision energy of √ s = 14 TeV at the LHC. As mentioned, we will focus on two production channels of the charged Higgs boson, the first is pp → tj → bH ± j (single top (anti)quark production) and the second is pp → tt → bH ± t (top quark pair production).
After its production, the charged Higgs boson will decay into h 0 W ± * or A 0 W ± * , wherein the neutral Higgs state will further decay to τ + τ − . The τ + τ − decay mode can be categorized into three cases, in term of the final states it produces, i.e., fully hadronically, fully leptonically and semi-leptonically (or semi-hadronically), which we identify as τ had τ had , τ had τ lep , τ lep τ lep , which will be described in more detail below for each of the two production channels. Further, because in the following analysis we do not use angular correlations of the decay products of the charged Higgs boson, our selection method can be used for both for H ± → h 0 l ± ν and H ± → A 0 l ± ν at the same time, so we will treat these two cases in the same manner. The six BPs used for the signals are provided in Tab. III. Now we present our MC analysis at a detector level, for both signal and background, which has the following features.
• We use MadGraph5 aMC@NLO v2.6.5 [37] to compute the cross-sections and generate both signal and background events at Parton level. At this level, we adopt the following kinematic cuts to improve the efficiency of the MC event generation |η(l, j)| < 2.5, p T (l, j) > 20 GeV, ∆R(l, j) > 0.5,
where j refers here to a Parton. Further, after generating the signals at the Leading Order (LO), we reweight each corresponding event by using the Next-to-LO (NLO) cross-sections given in Tab. III.
For the signal processes at the Parton level, the full decay chains are specified. For example, for single top production, we generate the matrix elements of the processes pp → tj → H ± bj → h 0 (A 0 )W ± bj → τ τ W ± bj while, for top pair production, we generate the matrix elements of the processes pp → tt → tH ± bj → th 0 (A 0 )W ± bj → tτ τ W ± bj.
• After generating both signal and background events at the Parton level, we pass these events to Pythia v6.4 [38] to simulate initial and final state radiation (i.e., the QED and QCD emission), Parton shower, hadronization, and heavy flavor decays for each of the events.
• At the detector level, we use Delphes v3.4.2 [39] to simulate the detector effects and the pseudo-dataset generated by it to perform our analysis. To cluster final particles into jets in each event, we adopt the anti-k t jet algorithm [40] with jet parameter ∆R = 0.4 in the FastJet package [41] .
From the final objects reconstructed at the detector level, i.e., τ jets, τ leptons, jets (including b-jets), leptons and missing transverse momentum, we perform the signal and background discriminant analysis below. We will consider the signal for the case of single (anti)top quark production and then for the case of double (anti)top quark production.
A. Charged Higgs boson production from pp → tj processes
In this subsection, we will study charged Higgs boson production from single top production. Charged Higgs bosons can be produced from the top quark decay, the signal process is thus given as pp → tj → bH ± j → bh 0 (A 0 )l ± νj → bτ + τ − l ± νj. The BR of a top quark decaying to a charged Higgs boson can reach 1 − 2% or so, as shown by the BPs given in Tab. III. The main background processes include: 1) pp → W ± τ + τ − production, which is generated up to two additional jets; 2) pp → tt production with fully leptonic, semi-leptonic (or semi-hadronic) and fully hadronic decay modes, which are all generated up to one additional jet; 3) ttl l production, where l = e, µ, τ ; 4) tjτ + τ − production.
As intimated, both signal and background events are categorized into three cases in terms of the final state emerging from the τ + τ − decay.
• Case A: both τ 's under hadronic decays. Thus, the final state includes two tagged τ jets and one lepton, l = e, µ, which is from the off-shell W ± decay, plus one or two extra jets.
• Case B: one τ undergoes hadronic decay, the other τ undergoes leptonic decay plus there is an extra lepton from the off-shell W ± decay, which is expected to be softer than the one stemming from the leptonic τ decay. Thus, the final state here is made up of two leptons, one tagged τ jet and one or two extra jets.
• Case C: both τ 's undergo leptonic decays so that here the final state is made up of three leptons and one (two) extra jet(s).
Below we list some key kinematic features which are useful to distinguish between signal and background events.
• The reconstructed h 0 and A 0 bosons In a signal event, we can combine two τ jets (Case A), a τ jet and the hardest lepton (Case B) or the two hardest leptons (Case C) to look for the mass resonance of a h 0 (for BPs 1, 2, and 3) or A 0 (for BPs 4, 5, and 6). In Case A, the reconstructed mass should peak near the input mass of h 0 (A 0 ). In Cases B and C, due to the large fraction of energy in the event taken away by neutrinos from the τ leptonic decay(s), the reconstructed mass usually peaks at a value smaller than the actual mass of the h 0 (A 0 ) state. To demonstrate this feature, in Fig. 5 , we show the distribution of the invariant mass of the two τ jets for both signal and background events, denoted by M h 0 , where the former are generated by using BP1 in Tab. III, as representative of the typical signal kinematics.
• The reconstructed H ± boson Since a charged Higgs boson can only transition into the final state h 0 lν or A 0 lν through an off-shell W ± decay, we can attempt reconstructing its mass using the momentum of the lepton, the Missing E T (MET), where E T is the missing transverse energy (or momentum), and the reconstructed h 0 (A 0 ). Notice that the MET of each event comes from neutrinos from W ± decays, including via leptonic τ decay. In Fig. 6 , we show its distribution for the usual three cases. In Case A, the MET mainly comes from the W ± boson off-shell decay, therefore its peak is at relatively small values. In Cases B and C, leptonic τ decays also contribute to the MET, so that its peak value increases.
We also use the MET to reconstruct the mass of the 'l+MET+h 0 (A 0 )' system, which we denote by M H ± , as it is sensitive to the actual value of M H ± . Based on Ref. [43] , we proceed as follows. We calculate the ν four-momentum by enforcing the H ± mass constraint on the lνh 0 (A 0 ) system and then in turn reconstruct the H ± four-momentum. The distribution of the ensuing charged Higgs boson mass is shown in Fig. 7 . In all the three cases, it is noticed that the mass peak of the charged Higgs boson can be successfully reconstructed, which can then serve as an efficient discriminant to distinguish between signal and background events.
• The reconstructed t quark In a signal event, the charged Higgs boson is produced by a top quark (or antiquark) decay. Therefore, we can reconstruct the top quark mass by using the momentum of the charged Higgs boson and that of a non-τ jet. In our reconstruction method, we loop over all such jets and select the one which yields a reconstructed top quark mass, M t , which is closest to the real one. In Fig. 8 , we present its distribution. The signal events are generated by using BP1 in Tab. III.
• The reconstructed tj system
When two non-τ -jets are identified, as mentioned above, we pick one of these to reconstruct the top quark mass, then the other one is used to reconstruct the center-of-mass frame of the top-jet (tj) system, which transverse momentum, P tj T , is expected to be small, as shown in Fig. 9 . To optimize the application of cuts upon the various kinematic observables we have just discussed and to improve the signal-to-background rate, we adopt the Gradient Boosted Decision Tree (BDTG) approach, which is one of the Multi-Variate Analysis (MVA) methods. The latter has recently been widely used in data analysis and we adopt the BDTG method implemented in the Toolkit for MVA (TMVA) package of ROOT [42] . In the training stage, we have used the following input variables: all final state (standard jet, τ jet, and lepton) transverse momenta, the invariant mass and transverse momentum of the h 0 (A 0 ) state, the reconstructed charged Higgs boson and top quark masses plus the transverse momentum of the tj system. The distribution of the BDTG output for both signal and background is shown in Fig. 10 , from which it is noticed that the observables listed above as input are indeed efficient to distinguish between the two samples for all three Cases considered (A, B, and C). To maximally exploit the efficiency of the BDTG method, all kinematic cuts are chosen rather loose and thus only remove the most irrelevant background events. The details of the cuts used for three cases for BP1 are summarised in Tab. IV, alongside the BDTG cut. We stress that the BDTG output is a much better variable to use to enhance the signal-to-background rate than that of a traditional cut flow method based on more stringent requirements placed upon the aforementioned (or other) kinematic variables.
Although, for reasons of space, we have illustrated here only the response of BP1 (and associated background) to our selection, the pattern for the other BPs is very similar, the main difference being at the BTDG training stage where the input signal events are generated by the different kinematic parameters about each BP. We have also applied our analysis to the case of √ s = 13 TeV. Based on our selection, the final significances for all Cases A, B, and C, as well as all six BPs, are summarised in Tab. V. The combined significances for the three cases are calculated too. The luminosity is assumed to be 100 fb −1 at both 13 and 14 TeV, hence we can compare like-for-like the scope of Run 2 and Run 3 of the LHC, when the latter is only affected by the change of beam energy. For example, by looking at the combined rates at 14 TeV, it is clear that the significances of BP1 and BP3-6 can be larger than 5, in fact, significantly so in some cases, thus warranting a potential discovery. In contrast, BP2 can only afford one with some evidence of new physics. At 13 TeV, the results are very similar for each BPs, albeit somewhat smaller in comparison.
B. Charged Higgs boson production from pp → tt processes
In this section, we extend our analysis to the pp → tt production channel. Here, the dominant signal production process is pp → tt → H ± bt(t) → h 0 (A 0 )l ± νbbW ± → τ + τ − l ± νbbqq, where one has off-shell W ± (leptonic) decays from H ± transitions and on-shell W ± (hadronic) decays from t transitions. For this signature, we will consider the following main background processes: 1) tt production; 2) W τ + τ − production; 3) tt production. (Notice that we will instead ignore the following subdominant backgrounds, which inclusive cross sections are small when compared with those of the dominant ones and, further, can be easily suppressed by our selection cuts: W + W − τ + τ − , single vector boson production processes, W + W − , ZZ, single top production as well as multi-jet processes from QCD.)
Similar to the previous case, here too, events are categorized into three cases in terms of the τ decay products. In all of these cases, we employ b-tagging as implemented in our detector emulator.
• Case A: two hadronic τ decays, i.e., there are two τ jets, one soft lepton (as usual, l = e, µ), which is from an off-shell W ± decay, two b-jets and two extra (untagged) jets in this signature. • Case B: one hadronic τ , one leptonic τ (again, either into an electron or a muon), i.e., there are one τ jet, two leptons, two b-jets and two extra (untagged) jets in the final state.
• Case C: two leptonic τ decays (via the above channels), i.e., there are three leptons, two b-jets and two extra (untagged) jets in this case.
Again, similarly to the analysis of the single top processes, to distinguish signal and background, we introduce the following features which are efficient in separating the former from the latter.
• The reconstructed h 0 and A 0 bosons
The invariant mass of two tagged τ jets (Case A), the τ jet and the hardest lepton (Case B) and the two hardest leptons (Case C) are clustered together. For signal events, again, the invariant mass of this system correlates to the mass of the CP-even or CP-odd Higgs boson (i.e., h 0 and A 0 , respectively).
• The reconstructed W ± boson
The mass of the hadronic W ± boson can be computed from the invariant mass of two non-b-jets. In signal events, these two non-b-jets are produced from hadronic W ± decays and would naturally peak at M W ± . In the case of leptonic decays of a W ± boson, one can use instead the standard transverse mass using the softest lepton and the MET component, though for the signal it should be recalled that the gauge boson is off-shell.
• The reconstructed H ± boson
We can construct the mass of charged Higgs boson from the softest lepton, the MET and the reconstructed h 0 (A 0 ), as previously explained.
• The reconstructed t quarks
The reconstructed W ± and H ∓ boson candidates given above and two b-jets are used further to reconstruct two top quark masses. However, contrary to the previous case of single top production, when only one top quark mass reconstruction is involved, here, to reduce the impact of combinatorics, we perform a χ 2 fit, as follows:
where m t is taken as 173.5 GeV. The combination which yields the minimal χ 2 is chosen for each event.
In our BDTG method, at the training stage, we use here the following input variables: all final state (b-and nonb-jet, τ jet and lepton) transverse momenta, the reconstructed mass of the h 0 (A 0 ) state, the reconstructed charged Higgs boson and top quark masses. The distribution of the BDTG output is shown in Fig. 11 . Again, we optimize the cuts of the BDTG output to obtain the best significance for each BP, see Tab. VI. The significances for each of the three cases of τ final states and the combined ones for the six BPs are presented in Tab. VII, for our two customary choices of energy and luminosity. At both 13 TeV and 14 TeV, the combination of all τ + τ − decay modes can afford one with significant potential discovery for all BPs studied. 
VI. CONCLUSIONS
In summary, in this paper, building upon previous work of some of us, we have proven that bosonic decays of light charged Higgs boson, i.e., H ± → A 0 W ±( * ) or h 0 W ±( * ) , where the charged Higgs boson is produced in a top (anti)quark decay, can be accessed already during Run 2 of the LHC and certainly at Run 3. This can be done in the τ + τ − decay channel of the two aforementioned neutral Higgs bosons so long that either or both of these are lighter than the SM-like Higgs boson discovered at the CERN collider back in 2012. This spectrum configuration is available in a 2HDM Type-I, wherein it is possible to identify the latter state with the heaviest CP-even Higgs boson of the model, i.e., H 0 . This can be achieved in the presence of all theoretical and experimental constraints presently available so that this BSM scenario is a prime candidate for a detectable new physics signal at the LHC. This requires to exploit all possible production modes of the top (anti)quark, i.e., both single and double top (anti)quark production, and all possible τ + τ − decays modes, i.e., fully hadronic, fully leptonic and semi-leptonic (or semi-hadronic).
We have come to the above conclusions following a complete scan of the parameter space of the 2HDM Type-I and a sophisticated MC analysis of several BPs maximizing, in turn, the A 0 W ±( * ) or h 0 W ±( * ) decay rates of the H ± state. For both the former and the latter we have used sophisticated numerical tools so that we are confident of the solidity of our results. We look forward to the ATLAS and/or CMS collaborations to test our BSM scenarios through the advocated signatures, which may well serve the purpose of offering additional discovery modes of not only a light charged Higgs boson state but also one neutral Higgs boson state lighter than the discovered SM-like one. Unfortunately, not both A 0 and h 0 states can be accessed at the same time in this way, as the H ± → A 0 W ±( * ) decay rate is largest when the H ± → h 0 W ±( * ) one is smallest (and vice versa).
